In this paper, an inventory replenishment planning problem in a three-echelon distribution system of Alibaba is studied. In addition to central distribution centers and front distribution centers, this system also has warehouses at the locations of producers. Multiple products are jointly replenished with minimum and maximum joint replenishment quantity constraints. Transshipments between distribution centers/warehouses are allowed. This problem, which is to determine the replenishment quantity of each product between any two inventory locations in the system, is formulated as a bi-objective optimization model that aims at finding a tradeoff between overall service level and total logistics cost of the system. This model is solved by applying an augmented ɛ-constraint method. The effectiveness of the model is demonstrated by numerical experiments generated from the data of Alibaba. The results show that having warehouses at the locations of producers can lead to lower logistics costs with a given customer service level.
INTRODUCTION
In today's society, e-commerce has entered the daily life of most people. To deliver goods to customers quickly at lower costs and increase market shares, ecommerce companies have to efficiently manage inventories in their distribution systems.
As a quickly emerged e-commerce giant with a very large market share in China, Alibaba is trying to improve the inventory management of its supply chain to gain its competitive advantages over other e-commerce companies. For this reason, we study a replenishment planning problem in a distribution system of Alibaba in this paper. Except for central distribution centers (CDCs) and front distribution centers (FDCs), the distribution system also has warehouses at the locations of producers which are the most upstream suppliers in the system. These suppliers produce goods and sometimes send them to the warehouses for temporary storage. The CDCs get products from the warehouses and distribute them to the FDCs which serve customers directly.
Hereafter, the warehouses are referred to as producers distribution centers or PDCs for short. Each PDC is located at the same location of its suppliers or near them. It collects products from the suppliers, and then sends the products to CDCs or FDCs. The introduction of PDCs can help to reduce logistics costs in the system that will be investigated in this paper.
In this study, we consider a single period inventory replenishment planning problem occurred in the three-echelon distribution system of Alibaba. Such inventory replenishment was usually made by Alibaba before its promotion activities, which is called "early product pushing down replenishment". For example, the well-known annual promotion activity called 'double 11 promotion' has been successfully held for nine years in Chinese ecommerce market, which was created by Alibaba in 2009. In 2018, the transaction volume of Alibaba in 'double 11 promotion' reached 213.5 billion RMB. To assure a high on-time delivery rate to customer orders in such a promotion with huge demand, e-commerce companies like Alibaba adopt a strategy of early product pushing down replenishment, where products are sent to the stocks of a multi-echelon distribution system in advance for the sales of a single promotion period. Since the inventory replenishment is made in advance and for only oneperiod sales, the replenishment lead time can be neglected. The inventory replenishment of each stock in this distribution system has two important features: multiple products are replenished jointly, there are minimum and maximum replenishment quantity constraints for each replenishment, and transhipment between two stocks is allowed.
In the literature, both single-period inventory models (Khouja, 1999) with zero lead time like news boy model and multi-period inventory models (Aharon et al., 2009 ) with positive lead time are comprehensively studied. These two types of models have different application fields. Single-period models deal with one time ordering problems, whereas multi-period models deal with repetitive ordering problems. The latter models are usually more complex than the former ones. In this paper, we focus on the early product pushing down replenishment of e-commerce companies introduced above, so a single period model is adopted.
Most studies on inventory management of distribution systems deal with a single product (De Kok et al., 2018) . The management of such systems has to address two issues, one is to choose an optimal inventory policy for each stock, and the other is to make an inventory allocation decision when the on-hand inventory of an upstream stock is not sufficient to satisfy all replenishment requirements of its immediate downstream stocks (Van der Heijden et al., 1997) . These papers only consider single product, two-echelon distribution systems and do not take into account of any constraint on replenishment quantity of products in each stock. In this paper, we study multi-echelon multi-product joint replenishment planning problem with constraints on the replenishment quantity of each stock.
Joint replenishment was usually studied for a single stock with only few exceptions. A twoechelon inventory system with a central warehouse and multiple identical retailers was investigated by Axsäter and Zhang (1999) . In this system, if the sum of the inventory positions of all retailers reaches a joint reorder point, the retailer with the lowest inventory position orders a batch quantity. They assumed that the inventory position of each stock was supplied infinitely by the warehouse. Wang and Axsäter (2013) studied a distribution system with a central warehouse and multiple retailers with stochastic demands. They developed a time based joint replenishment policy. However, they did not consider replenishment quantity constraints and transshiplments. Zhou et al. (2012) considered a multi-product multi-echelon inventory system with multiple suppliers, one producer, and multiple distributors and buyers. A joint replenishment and (T, S) inventory control strategy was proposed, which orders multiple products in one order cycle.
Besides, most papers studying lateral transhipments consider stocks at the same echelon (level) (De Kok et al., 2018) . Kukreja and Schmidt (2005) studied multiple stocks in a single echelon inventory system with Poisson demand, where lateral transhipments among stocks are allowed. Yang et al. (2013) investigated a customer-oriented service measure which takes into account pipeline stocks and lateral transshipments in a single-echelon inventory system. Fattahi et al., (2015) studied a multiple period inventory system with one manufacturer and one retailer. The systems studied in above cited papers involve only a single product without considering joint replenishment and are simpler than the multiple echelon distribution system studied in this paper.
To the best of our knowledge, no paper has studied an inventory replenishment problem with all of the following features we consider. a. The joint inventory replenishment of multiple products is considered for a multi-echelon distribution system. b. A three-echelon distribution system with warehouses at the locations of producers is investigated. c. The minimum and maximum joint replenishment quantity constraints are considered for each replenishment. d. Both vertical and horizontal inventory replenishments are considered. e. Two objectives, service level and cost, are considered in the inventory replenishment planning. The rest of this paper is organized as follows. Section 2 describes the optimization problem studied. Section 3 proposes relevant mathematical models. Section 4 presents a model reformulation of the bi-objective problem. Section 5 evaluates the performances of the models by numerical experiments. Section 6 concludes this paper with remarks for future works.
PROBLEM DESCRIPTION
A three-echelon distribution system operated by Alibaba is considered. As shown in Figure 1 , this system is composed of multiple stocks with multiple suppliers, one PDC (Producers Distribution Center) and multiple CDCs (Central Distribution Centers) and multiple FDCs (Front Distribution Centers). Each stock holds multiple products which are fast moving goods. The demand of each stock is assumed to be subject to a normal distribution. Figure 1 : A three-echelon distribution system with warehouses at the locations of producers. Figure 1 provides an illustrative example for the studied system. Previously, the CDCs were supplied directly by external suppliers (stock 1 and stock 2). In recent years, a producers distribution center (PDC, stock 3) was introduced in the system. The PDC is located near its suppliers (producers) geographically where suppliers' goods can be transported to the PDC very quickly. In contrast, the PDC is far away from the CDCs (stocks 4-7) but it can provide frequent replenishments to CDCs (as indicated by the solid line from stock 3 to stock 4) in small batches, which can help to increase the service level, shorten the replenishment lead time of its successors, and reduce the logistics cost of the distribution system. This effect of cost reduction due to the introduction of PDCs will be further investigated in section 5. In the system, each FDC (stocks 8-13) can be supplied directly by the suppliers (as indicated by the dashed line from stock 1 to stock 9), by the PDC (as indicated by the solid line from stock 3 to stock 11), or by the CDCs (as indicated by the solid line from stock 5 to stock 10) that supply the FDCs directly. Lost sales may happen at the FDCs. Both vertical replenishment (as indicated by the solid line from stock 4 to stock 9) and horizontal replenishment (as indicated by the solid line from stock 10 to stock 12) are possible, whereas reverse replenishment from any stock to any other stock at a higher level (echelon) is not allowed.
In this paper, we assume that the inventory replenishment of each stock is made in advance for the sales of a single period, with minimum and maximum joint replenishment quantity constraints. These minimum and maximum joint replenishment quantities may be different for different distribution channels, as the suppliers of some products such as fruits are located in isolated agricultural areas where transportation capacity is much smaller than that in economically well developed industrial areas. Furthermore, multiple products may be replenished simultaneously.
Because the inventory replenishment of each stock is made in advance with a quite short lead time, we assume in our model that all replenishments are carried out immediately with zero lead time. In addition, for a stock which may both receive and deliver goods, it is assumed that goods are received first from its supplier stocks before the goods can be delivered to its customer stocks.
The replenishment decision is made based on demand forecast and historitical demand data especially historial demand forecast errors. Before the replenishment, each stock holds a certain onhand inventory of each product. The shipping costs, maximum and minimum joint replenishment quantity between any two stocks are given. During the replenishment, the products of suppliers will be transported to FDCs directly or through PDCs and CDCs with possible transhipments between them at the same level (echelon). The objectives of this distribution system are to maximize the service levels at the FDCs and minimize total replenishment cost. All products at all FDCs are expected to have the same service level and inventory holding costs are not considered. As the above two objectives are in conflict with each other, so we formulate this replenishment planning problem as a bi-objective optimization problem, which aims at finding a tradeoff between the two objectives by providing a set of Pareto optimal replenishment plans for the distribution system.
PROBLEM FORMULATION
Before presenting the model, we first introduce the following notations.
where N is the set of all stocks in the distribution system k: product index, k  K, where K is the set of all products in the distribution system With the above notations, the single period replenishment planning problem of the three-echelon distribution system can be formulated as the following mixed-integer programming model SPRPP.
Model SPRPP:
Subject to:
, ,
The objective function (1) seeks to minimize the total replenishment cost. The objective function (2) aims to maximize the common service level α of all products at all FDCs in the distribution system. Constraints (3) are the inventory balance constraints of each product at each stock. Constraints (4) ensure that the same service level α of each product at each stock can be achieved after replenishment. These constraints are derived from the probability constraints P{ } , ,
the z-value corresponding to the service level α, with the relationship between them given by P{ }
is the cumulative distribution function of (0,1) N . Constraints (5) ensure that the total replenishment quantity of product k from supplier i to all stocks in the distribution system does not exceed the on-hand inventory of the product available in the supplier. Constraints (6) ensure that no product will be replenished between supplier stocks or send back to a supplier. Constraints (7) guarantee that the replenishment quantity of all products from one stock to another is subject to minimum and maximum joint replenishment quantity constraints. Constraints (8) indicate the relationship between k ij x and ij y . Constraints (9) mean that each stock is not replenished by itself. Constraints (10) indicate the types and the domains of all decision variables. As the z-value z α is a monotone increasing function of α, we can replace objective function (2) of the above model by an equivalent objective function (11) 
SOLUTION APPROACH
To solve the bi-objective model SPRPP, an augmented ɛ-constraint method (Mavrotas, 2009) is employed. This method is a revised version of ɛconstraint method (Chankong and Haimes, 1983) , which can avoid the generation of weakly Pareto optimal solutions and accelerates the whole computation process without redundant iterations. Firstly, we introduce some new parameters and variables required for the description of this method as follows. (1) of model SPRPP f 2 (α): objective function (2) of model SPRPP lb 2 : upper bound of the objective function f 2 (α), which is obtained by solving the model with single objective function f 2 (α) and constraints f 1 (x) = f 1 * , where f 1 * is obtained by optimally solving the model with single objective function f 1 (x). r 2 : range of the objective function value f 2 (α), which is the difference between its best value and upper bound. The best value can be obtained by optimally solving the model with single objective function f 2 (α). Ng 2 : number of grid points in the range of objective function value f 2 (α) gi 2 : grid point index, gi 2 = 0, 1, … , Ng 2 eps: a small positive number, which is usually taken from 10 -6 to 10 -3 2  : a variable parameter depending on gi 2 , 
Parameters f 1 (x): objective function
By taking Ng 2 sufficiently large and iteratively solving model SPRPP2 for different values of 2  generated by taking the grid point index gi 2 from 0 to Ng 2 , representative Pareto optimal solutions of the original model SPRPP can be found. These solutions provide multiple choices for the decision-maker of replenishment planning of the distribution system under different customer service levels.
NUMERICAL EXPERIMENTS
In this section, we report and analyze the results of our numerical experiments conduced to evaluate the models proposed in this paper. Twenty instances generated partially based on Alibaba' data were used to validate the models and evaluate the performances of distribution systems with PDCs. For the sake of confidentiality, some data of the instances will be not presented hereafter.
The initial inventory of each PDC, CDCs, and FDC stock is set to zero, and the initial inventory of each supplier is randomly generated and is high enough to ensure that an expected service level at FDCs can be achieved.
Based on the data of Alibaba, the maximum joint replenishment quantity is set as a multiple of the minimum joint replenishment quantity for the replenishment between any two stocks. After the coordinates of all nodes are given, the Euclidean distance c ij (shipping cost) between any two stocks i and j is calculated.
In addition, the demand forecast and its standard deviation of each product at each FDC are also generated based on data of Alibaba. For all instances, the number of products is set to 3 (K = 3).
For the first ten instances, the number of stocks is set to 10 with 4 suppliers, 1 PDC, 1 CDC, and 4 FDCs. For the second ten instances, the number of stocks is set to 18 with 8 suppliers, 1 PDC, 1 CDC, and 8 FDCs. All models involved in the instances were solved by using the solver of Cplex 12.8 on a personal PC with i7-8650U CPU and 16GB RAM. The computation time of each instance is very small, which is usually in several seconds.
The computational results are given in Table 1 to  Table 12 . To evaluate the influence of the minimum and maximum joint replenishment quantity constraints on the replenishment plan, we tested three scenarios denoted by MR1, MR2, and MR3 respectively for each instance. For scenario MR1, the minimum and maximum joint replenishment quantities are set based on real data of Alibaba. For scenario MR2 and MR3, the minimum and maximum joint replenishment quantities are set as two and four times of those in the first scenario respectively. For each instance, we consider three cases with different service levels to examine different situations of the distribution system. In Case 1 (C1) the service level α is set to 0.92 with z α is equal to 1.41, in Case 2 (C2) the service level α is set to 0.95 with z α is equal to 1.65, and in Case 3 (C3) the service level α is set to 0.98 with z α is equal to 2.06.
Furthermore, in the following tables, CA represents the replenishment cost of the distribution system without PDCs, CB represents the replenishment cost of the system with PDCs, and CR indicates the cost reduction in percentage of CB with respect to CA, i.e., CR = (CA -CB)/CA. From the above tables, we can see, for each given service level of FDCs, the replenishment plan of the distribution system with PDCs can lead to a smaller replenishment cost than that of the system without PDCs for almost all instances and cases. For the cases with smaller maximum joint replenishment quantity (Table 1 , 2, 4, 5, 7 and 10), the replenishment cost of the system with PDCs is much lower than that of the system without PDCs for all instances. The reason is that some products are consolidated in PDCs before they are transported to FDCs in these cases. When the maximum joint replenishment quantity is set larger ( Table 3, 6, 8, 9, 11 and 12) , the cost reduction of the system with PDCs with respect to the system without PDCs becomes smaller for all instances. The reason is that more products are directly transported from suppliers to FDCs due to a larger and almost unconstrained maximum joint replenishment quantity. Since the replenishment quantity between two stocks is usually constrained by the maximum joint replenishment quantity because of limited transportation capacity, our numerical experiment results show the introduction of PDCs in a distribution system can significantly reduce inventory replenishment costs.
Today, PDCs have been introduced by Alibaba in its distribution system for some fresh products (fruits), where a novel project called 'Shen Nong Plan of Alibaba' is in the process of implementation. The inventory replenishment via PDCs brings both economic and social benefits to Alibaba. On the one hand, it can lead to lower replenishment costs for a given service level of FDCs. On the other hand, as PDCs are located in the areas of producers that are usually less developed, the project of implementation of PDCs will provide jobs for habitants in such areas, which can both reduce the poverty in these areas and increase their local industry incomes.
CONCLUSIONS
An inventory replenishment planning problem in a three echelon distribution system with warehouses at the locations of producers is studied in this paper. This problem is formulated as a bi-objective optimization problem. Numerical experiments on instances generated based on the data of Alibaba validate the proposed model and demonstrate the advantage of having such warehouses in the system. Our future work is to study a multi-period replenishment planning problem of the system.
